hundreds keV which are of greater importance in neutron moderation, experimental data are very limited and discrepant markedly between the neutron measurements and g-ray measurements(n (8) . The experimental data of neutron emission spectra will provide useful information for cross sections of higher levels and neutron continuum.
In this study, we have performed doubledifferential neutron scattering experiments for fast neutron interaction with 238U using a time-of-flight (TOF) technique, and obtained the data for
(1) Prompt fission neutron spectra for 2 MeV incident neutrons at emission angles of 90-and 135d, (2) Double-differential neutron emission and scattering cross sections (DDX) at five incident energies of 1.2, 2.0, 4.2, 6.1 and 14.1 MeV.
The neutron emission spectra of 238U consist of neutrons from fission and scattering at the incident energies of the present study. In the first experiment, we performed the direct measurements of fission spectra. We made the measurements at two different laboratory angles because the angle-dependence of fission spectrum has been studied very scarcely despite of its interest in modeling of fission spectrum (4) . Secondly, we measured the doubledifferential neutron emission spectra at several laboratory angles and also deduced the energyangular differential scattering cross sections by subtracting the fission neutrons. The data of neutron emission spectra are useful also to obtain the information of fission spectrum at higher incident energies (4 
Experimental Apparatus
The experimental arrangement employed in the present studies is shown in Fig. 1 . The primary mono-energetic neutrons were obtained via the T(p, n), D(d, n) and T(d, n) reactions by bombarding solid tritium targets (Ti-T) or a deuterium gas cell with either pulsed proton or deuteron beam provided by a 4.5 MV Dynamitron accelerator, 1.5 to 2 ns duration and 1 or 2 MHz repetition rate. Table 1 summarizes the neutron source conditions. Neutrons of 14.1 MeV were obtained at the emission angle of 97.5d with respect to the incident beam axis to minimize the neutron energy dispersion(10)(11). The neutron targets were housed in thin wall (0.5-mm thick) chambers, 10-or 15-mm diam., and cooled by air blow. Thin wall was adopted so as to reduce scattering of primary neutrons by the chamber.
The spectra of source neutrons were generally free from parasitic and scattered neutrons ; nevertheless the effects of these contaminant components were taken into account in the data correction as shown later.
The scattering sample was a metallic cylinder of elemental uranium, 2-cm diam. and 5-cm long, encased in an aluminum can. An empty can with the same dimension was used for the measurement of sample-out backgrounds.
They were suspended by a string on a remotely-controlled sample changer at 10-or 12-cm from the target.
The main detector for emission neutron measurements consisted of a NE213 scintillator, 14-cm diam. and 10-cm thick or 12 .7-cm diam. and 5.08-cm thick. It was equipped with two separate pulse-shape discriminators (PSDs) having pulse-height dynamic ranges of 400 for effective rejection of g-ray backgrounds . The high bias PSD system, biased at 2 MeV Vol. 27, No. 7..Uuly 1990) 603 proton, achieves an excellent g-ray rejection ratio and smooth detection efficiency by removing the events due to neutron-carbon interactions.
The lower bias was set between 0.1 and 0.8 MeV proton, depending on the experimental requirement as described later. The high-bias system provided the data for energy region above around 5 MeV, and low-bias system covered the lower energy region. The energy dependence of the detector efficiency was determined by the calculation using the code 05S (12) A set of five data, TOF and pulseshape spectra for each high-and low-bias PSD This flight path length was chosen as a compromise between the energy resolution and the signal to background ratio. The lower bias was set at about 0.8 MeV of proton to complement the high-bias system data with a good r-ray rejection ratio.
The measurements consisted of foreground run for the uranium sample, and background runs for the empty-can and the lead sample. The data for lead were used to assess spurious components in the pulsed beam and the peak shape of scattered neutrons.
The measurements were divided into cyclic runs with 1 or 2 h duration to avoid systematic errors caused by instability of the counting electronics. During the course of measurements , lasting about 60 h, the system was stable sufficiently ; the overall timing resolution was 1.5 ns, as measured from the width of prompt 2 Electronics block-diagram of detection system r-ray peak. Figure  3 shows the TOF distributions for the uranium, lead and the empty can ; this indicates that the signal to background ratio is very good and that the backgrounds are almost time-independent in the region of fission neutrons.
DDX Measurements
The DDXs measurements were performed at 6 to 8 laboratory angles between 30d and 150d, except for those at 1. At each angle, measurements were made for the uranium sample and the empty can.
In the measurements using a gas cell neutron target, the gas-out measurements were also made by replacing deuterium gas with hydrogen gas for experimental determination of backgrounds due to parasitic components in the source neutrons.
III. DATA CORRECTION
The experimental TOF data were corrected for the effects of (1) backgrounds,
detector efficiency, (3) finite sample-size,
contaminant components of source neutrons and (5) finite energy-resolution of TOF spectrometer.
The backgrounds due to sample activity were significant for the uranium sample and were taken into account as described below.
The least squares fitting program SALS(13) was employed to deduce the shape parameters of emission spectrum and partial scattering cross sections.
Fission Spectrum
As shown in Fig. 3 The effects of multiple-scattering in the uranium sample were evaluated by an analytic calculation which estimated the distortion of primary fission spectrum due to nonelasticscattering of fission neutrons. The calculation was based on the disk approximationo(14) because of very weak angular dependence of fission spectrum.
The correction factor was lower than 3% above 2 MeV because of small probability of nonelastic-scattering (several %) and of much higher fission neutron yields in lower energy regions where slowed-down fission neutrons appeared.
The finite energy resolution of the spectrometer causes apparent hardening of the observed fission spectrum because of its steep decrease with energy ; the effect was estimated by calculating the ratio of "distorted" TOF spectrum to "true" No(t) spectrum, where R(t, t') is the resolution function.
The correction was less than 2% as the results of the good energy resolution in the present experiment.
The influence of the detector thickness was also negligibly small (<2%). The contaminant neutrons have no effects on fission spectrum measurements because their energies were lower than fission threshold of 298U,
The experimental error was estimated considering the error sources of (1) counting statistics, (2) detector efficiency (4%), (3) energy scale (1%) and (4) data correction (10% of the correction).
2. DDX Data In the case of DDX data, the major backgrounds came from the room-scattered neutrons and were estimated by sample-out data. Additional sample-dependent backgrounds by sample activity etc., were also removed in the manner described for fission neutrons.
The sample-size effects were evaluated by a Monte Carlo code SYNTHIA (15) to take account of the energy-angular correlation in neutron scattering.
This code simulates the energy-angular distributions of neutrons outgoing from the sample and provides the distributions for both with and without the distortion due to multiple-scattering and flux attenuation.
The ratio of the undistorted spectrum to the distorted one gives the correction factor. The calculation employed the evaluated nuclear data of JENDL-3c(16) ; however, to make the correction adequate, we modified the evaluated data for emission spectrum using the experimental data in the cases where they differed over several tens % from the experimental ones.
The effects of backgrounds caused by contaminant source neutrons were estimated similarly with the SYNTHIA by calculating the scattered spectra originating from the parasitic and scattered components of source neutrons ; the intensities and spectra of the parasitic neutrons were determined by the source spectrum measurements, and those of scattered ones were estimated using the separate Monte Carlo calculations.
The gas-out data were used for the correction for parasitic neutrons.
The uncertainties of the final data were estimated by the quadratic sum of the contributions from (1) counting statistics, (2) absolute normalization (5%) and (3) data correction for multiple-scattering and contaminant components (10% of the correction).
IV.
RESULTS AND DISCUSSION 
where Cm, Cw are the constants , E is the neutron energy and Tm the Maxwellian tem - The experimental result for 238U at 135-is shown in Fig. 4 , compared with the curves of the Maxwellian fit and the ENDF/B-IV (20) data expressed by Maxwellian presentation. Table 2 presents the parameters Tm, A and B, experimentally obtained by the fit, and E calculated from these parameters.
The major fraction of the experimental error in these parameters is attributed to the systematic uncertainties due to the detector efficiency and the energy scale. The fitting error of Tm is less than 0.01 MeV. The deduced Maxwellian temperatures are compared with other data in Fig. 5 (Figs. 4 and 6 ).
The same trend has been reported for 236U (24) . (4) The spectrum shape of the present data is similar to the JENDL-3 data based on the Madland-Nix model(26) in the energy region from 3 to 12 MeV ; however, as a whole, it is softer than JENDL-3 (Fig. 6 ). This trend of the harder spectrum by the Madland-Nix model calculation is also observed for 252Cf(26). (5) Parameters T. and E in Table 2 are compared with those expected from the following formulas by Howerton-Doyasc") and Terrell(28) which have been widely used for evaluation of fission spectra on the basis of v f (number of prompt neutrons per fission):
Howerton-Doyas, ( 5 ) E=0.75 +0.645E1 4 -I) f(E)P2 ;
Terrell,
where E is the incident neutron energy in MeV. The values of T. and E calculated by Eqs. ( 5 ), ( 6 ) Fig. 8(a) for levels between 0.6 and 1.2 MeV, while they are higher significantly in high-lying levels and continuum region.
(The JENDL-3 data for the levels between 0.6 and 1.2 MeV (33) were based mainly on the inelastic-scattering cross The experimental spectra of fission neutrons appearing in the energy region higher than the elastic peaks were almost isotropic and described fairly well by both evaluations In addition, as shown in Sec. IV-1, the evaluated fission spectra were consistent with the presently measured data within about 20%. By these reasons, we employed the evaluated fission spectrum data in JENDL-3 for subtraction of fission neutrons. In Figs. 11(a) and (b) 
[cosh(b cos 0)+f (MSD) sinh(b cos 0)] ; Kalbach, ( 8 ) where ao (total)-=a0(MSD)± ao (MSC), f =-ao(MSD) /a, (MSC), aa (MSD) and ao (MSC) are the cross sections for MSD and MSC processes, respectively. The parameters bi and b which represent the angular-dependence have been obtained semiempirically(35)(36) from the analyses of angular distributions of various reactions over the wide range of projectile energy.
In the present calculation, we assumed the spectra for MSD and MSC could be approximated, respectively, by the exciton spectrum by Blann-Lanzafame(37), and cascade-emission spectrum by LeCouteur-Lang (38) , and obtained ao (MSD), aa (MSC) by fitting the angle-integrated experimental spectrum with the superposition of these spectra and fission spectrum. The fission spectrum was taken from JENDL-3 and assumed to be angle-independent . Figures 15 and 10 show the results of spectrum fitting and the angular distributions , respectively. (Note that the calculation in Fig . 15 does not include the components of elastic and discreteinelastic-scattering.) The calculation reproduces fairly well both the spectrum and angular distributions, and will be useful for practical parametrization of DDXs(11). 
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